Abstract: This study investigated the effects of acute psychosocial stress on trapezius single motor unit discharge behaviors. Twenty-one healthy women performed feedback-controlled isometric contractions under conditions of low and high psychosocial stress in the same experimental session. Psychosocial stress was manipulated using a verbal math task combined with social evaluative threat that significantly increased perceived anxiety, heart rate, and blood pressure (P Ͻ 0.001). Motor unit discharge behaviors including the threshold and discharge rate at recruitment [7.7% (5.7%) maximal voluntary isometric contraction and 7.3 pulses per second (pps) (6.8 pps), P Ͼ 0.121, N ϭ 103] and derecruitment [6.0% (4.4%) maximal voluntary isometric contraction and 6.5 pps (4.1 pps), P Ͼ 0.223, N ϭ 99], the mean [11.3 pps (2.3 pps), P ϭ 0.309, N ϭ 106] and variability [2.5 pps (0.91 pps), P ϭ 0.958, N ϭ 106] of discharge rate, and the proportion of motor units exhibiting double discharges (21%, P ϭ 0.446) did not change across stress conditions. Discharge rate modulation with changes in contraction intensity was highly variable and similar across stress conditions (P Ͼ 0.308, N ϭ 89). Rate-rate modulation of concurrently active motor units was also highly variable (r ϭ Ϫ0.84 to 1.00, N ϭ 75). Estimates of ⌬F for motor unit pairs with rate-rate modulation Ն0.7 were positive and similar across stress conditions [4.7 pps (2.0 pps), P ϭ 0.405, N ϭ 16]. The results indicate that acute psychosocial stress does not alter trapezius motor unit discharge behaviors during a precisely controlled motor task in healthy women.
M usculoskeletal disorders have a high prevalence in Western society, with the neck region identified as one of the most common sites of pain (Cote et al., 1998; Picavet and Schouten, 2003; Urwin et al., 1998) . Psychosocial stress has been consistently identified as a risk factor for the development of neck pain (Andersen et al., 2003; Ariens et al., 2001; Bernard, 1997; Bongers et al., 2006) especially among women (Ostergren et al., 2005) . The trapezius muscle is known to be active at low levels for prolonged periods during the course of a day (Holte and Westgaard, 2002; , and this prolonged activity has been linked to the development of neck pain (Veiersted et al., 1993) . Interestingly, psychosocial stress has been shown to increase activity of the trapezius muscle during intended periods of rest and during the performance of motor tasks that are commonly encountered in the workplace (McLean and Urquhart, 2002; Nilsen et al., 2007; Schleifer et al., 2008) . Some investigators have suggested that these stress-evoked increases in muscle activity may directly contribute to the development of neck pain through prolonged activation of low-threshold motor units (Hagg, 1991; Lundberg, 2002) , while others have proposed that stress may induce an autonomic response that generates parallel increases in motor activity and pain (Westgaard, 1999) .
Several studies have used surface electromyography to evaluate muscle responses to a controlled laboratory stressor during a variety of motor tasks. The majority of these studies observed global increases in trapezius muscle activity during acute stress exposure (Laursen et al., 2002; Lundberg et al., 1994 Lundberg et al., , 2002 McLean and Urquhart, 2002; Nilsen et al., 2007; Schleifer et al., 2008; Visser et al., 2004) . Although one study reported that stress did not alter the amplitude of trapezius muscle activity, the ability of the muscle to relax was impaired under stressful conditions (Blangsted et al., 2004) . Despite multiple observations of elevated surface electromyography in response to stress, there has been limited research on changes in the discharge behaviors of low-threshold motor units that underlie this motor response. Lundberg et al. (2002) reported that the same motor units were recruited during contractions performed in the presence and absence of mental stress for a majority of subjects, and Westgaard et al. (2006) observed that respiratory modulation of discharge rates was less common in motor units activated by mental stress than in motor units active during voluntary contractions. However, neither of these studies investigated changes in motor unit recruitment and derecruitment thresholds, discharge rates, or discharge rate variability, which might be expected to contribute to previously observed increases in surface electromyography (Lundberg et al., 1994 McLean and Urquhart, 2002; Nilsen et al., 2007; Schleifer et al., 2008) and force fluctuations (Christou et al., 2004; Noteboom et al., 2001a Noteboom et al., , 2001b in response to stress. One study found no difference in the mean discharge rate of a small sample of trapezius motor units examined during a typing task performed with and without mental stress (Westad et al., 2004) . This study also reported atypical discharge behaviors including limited modulation of discharge rates with changes in contraction intensity; however, these behaviors were not compared between low-and high-stress conditions. Other studies have reported atypical discharge behavior of trapezius motor units studied in the absence of stress, including limited discharge rate modulation (Westad et al., 2004; Westgaard and De Luca, 2001 ) and abrupt changes in recruitment threshold (Westad et al., 2003) . The extent to which these motor unit discharge behaviors are affected by exposure to acute psychosocial stress is not known. Therefore, the aim of this study was to compare the discharge behaviors of low-threshold trapezius motor units during exposure to low and high levels of acute psychosocial stress. We expected to find that psychosocial stress would exacerbate atypical discharge behaviors in trapezius motor units and alter patterns of recruitment and rate coding consistent with the previously observed effects of psychosocial stress on surface electromyography recordings in the trapezius muscle. Preliminary findings from this investigation have been published in abstract form (Stephenson and Maluf, 2008) .
METHODS
Twenty-seven healthy women ranging in age from 23 to 57 years [mean (standard deviation): 37.4 years (10.9 years)] volunteered to participate in the study. All subjects were free of neck pain at the time of the study and reported no history of neck pain and no other neurological or orthopedic impairment in the upper limbs. Subjects were excluded if they reported that they were pregnant or that they had a recent history of heart problems, high blood pressure, or cognitive or psychological disorders. All subjects provided informed consent in accordance with the guidelines of the Colorado Multiple Institutional Review Board.
Experimental Setup
Subjects were seated upright with their hip and knee joints flexed at ϳ90°and their feet resting comfortably on a foot rest. The arms were abducted ϳ45°and positioned in line with the trunk, with the elbows flexed and the forearms supported on arm rests parallel to the floor. Custom made restraints were placed over each shoulder. Each restraint consisted of a padded force transducer mounted on a vertical metal restraint that was adjusted to fit securely over the acromion with the shoulders in a relaxed position. Elevation of the shoulders exerted a compressive force on the restraints. The force exerted by the left shoulder was displayed in real time on a feedback screen positioned at eye level ϳ1 m in front of the subject.
Experimental Protocol
Subjects participated in an initial familiarization session to practice the motor tasks and become accustomed to the laboratory setting and then returned within 2 weeks for a single experimental session during which all data were collected. During the experimental session subjects performed a maximal voluntary isometric contraction (MVC) in which they were instructed to gradually increase shoulder elevation force from zero to maximum during a period of 3 seconds and then maintain maximal force for 2 to 3 seconds while receiving strong verbal encouragement. Subjects performed several trials, separated by at least 60 seconds of rest, until peak forces from two trials agreed within 5%. The greater of these two values was considered the shoulder elevation MVC force. After several minutes of rest, the subjects then performed submaximal test contractions whereby they were required to steadily increase and decrease the intensity of the isometric contraction, matching the shoulder elevation force to a triangular template displayed on the feedback screen. The specific dimensions of the triangular template were determined individually for each subject to optimize recordings from identified motor units, with peak elevation force ranging from 4% to 48% MVC force [mean (standard deviation): 16% (12%) MVC] and the rate of force increase ranging from 1.3% to 7.9% MVC/s [(mean (standard deviation): 3.0% (1.5%) MVC/s]. After customizing the dimensions of the force template for each subject, the same template was used throughout all test conditions for that subject. Subjects were instructed to perform all tasks bilaterally, but force data were collected and displayed from the left side only. One block of test contractions consisted of five triangular templates, each separated by 60 seconds of rest. Subjects were instructed to relax their shoulders at the start of each condition and during all rest periods between voluntary contractions. Subjects performed one block of test contractions under low-stress conditions (low pre) followed by one block under high-stress conditions (high). Immediately after the high-stress condition, subjects were fully debriefed and asked to rest quietly until heart rate and mean arterial blood pressure recovered to prestress levels (Ն15 minutes). After this recovery period, subjects repeated a block of test contractions under low-stress conditions (low post).
Stress Manipulation
Levels of psychosocial stress were manipulated using a verbal math task Noteboom et al., 2001b) combined with social evaluative threat (Dickerson and Kemeny, 2004) . Subjects were informed that the purpose of the study was to examine the effects of mental concentration and therefore remained naïve to the stress manipulation until the debriefing that followed the high-stress condition. To control for attention effects during the low-stress condition, subjects were asked to verbally count backwards by five from a four-digit number that was evenly divisible by five. Subjects were told that these were practice trials in which their performance would not be monitored. Encouragement and positive feedback were provided during the low-stress condition regardless of actual performance. This block of trials was then followed by the high-stress condition in which the difficulty of the math task was increased by asking the subject to verbally count backward by a randomly selected one-or two-digit number from a randomly selected fourdigit number. Before this condition, subjects were informed that it was extremely important to perform the math test as fast and accurately as possible. Subjects were instructed that their performance would be videotaped and graded against other participants and were offered a monetary incentive for good performance. The high-stress condition was administered by a different examiner with whom the subject was not familiar, and no positive feedback was provided regardless of performance. Immediately after completing the high-stress condition, all subjects were fully debriefed regarding the purpose of the stress manipulation. Subjects were assured that their performance had not been permanently recorded on videotape, and that they would receive the full monetary compensation regardless of performance. After the debriefing and recovery period (Ն15 minutes) subjects repeated the low-stress condition.
Data Acquisition
The vertical force exerted during shoulder elevation was measured during all contractions using a force transducer (1,112 N range; 7.6 mV/N; P310; Cooper Instruments, Warrenton, VA) positioned over the acromion, A/D converted at 100 samples per second (Power 1401, 16-bit resolution; Cambridge Electronic Design, Cambridge, United Kingdom) and displayed as real-time feedback of contraction intensity on a monitor placed at eye level in front of the subject. The interference electromyography signal from the left upper trapezius muscle was recorded using biploar surface electrodes (silver-silver chloride; 8-mm electrode diameter; In Vivo Metric, Healdsburg, CA). Electrodes were placed with 15-mm interelectrode distance, centered 20 mm lateral to the midpoint between C7 and the posterior lateral border of the acromion, and the reference electrode was placed over a bony portion of the clavicle. Bioamplifiers (Coulbourn Instruments, Allentown, PA) were used to amplify (ϫ1,000) and band-pass filter (13-1,000 Hz) the surface electromyography signals before sampling and storage at 2,000 samples per second.
Single motor unit activity was recorded from the left upper trapezius muscle during the test contractions using a bipolar intramuscular electrode. Intramuscular electrodes were custom made and consisted of two Formvar-insulated stainless steel wires (50 m in diameter; California Fine Wire Co., Grover Beach, CA) with the cross-sectional area exposed for recording. After the subject had performed the MVC contractions, a 30-gauge needle was used to insert the wires between the two surface electrodes placed over the left trapezius muscle. The needle was removed after placement of the intramuscular wires, and the signals were examined online to verify the detection of motor unit action potentials. If necessary, small adjustments were made to the placement of the wires to enhance signal quality. The reference electrode for the intramuscular recordings was a surface electrode placed over a bony portion of the clavicle. Intramuscular electromyography signals were amplified (ϫ1,000) and band-pass filtered (20 -8000 Hz) before sampling and storage at 20,000 samples per second.
Physiologic arousal was assessed at the beginning of the experimental session (baseline) and at the end of each block of test contractions using an automated oscillometric cuff (Coulbourn V series module) placed around the right arm to measure heart rate and blood pressure. Perceived anxiety was assessed at baseline and at the end of each block of test contractions using the state anxiety portion of the Spielberger State-Trait Anxiety Index (Speilberger et al., 1983) .
Data Analysis
An example of outcome variables calculated from data collected during the experimental session is presented in Fig. 1 . All offline analyses were performed with custom software written in Matlab (v7.5.0.342; MathWorks Inc., Natick, MA). Consistent with previous studies of the trapezius muscle (Westad et al., 2003; Westgaard and De Luca, 1999, 2001 ) surface electromyography rather than force was used as an indication of contraction intensity in the trapezius muscle because several muscle groups potentially contribute to net shoulder elevation force (Hamilton and Luttgens, 2002) . Surface electromyography values were root mean square (RMS) processed using a 0.5-second window. Maximal electromyography (EMG max ) was calculated as the RMS amplitude of the surface electromyography signal during a 0.5-second interval centered about the peak surface electromyography achieved in the MVC trials, and the RMS amplitude of surface electromyography during the test contractions was normalized to maximal electromyography. The amplitude of trapezius muscle activity during each feedbackcontrolled triangular contraction was characterized by the peak value of the RMS processed surface electromyography. Contraction and relaxation rates were calculated as the slope of the RMS surface electromyography during the ascending and descending limbs of the contraction, respectively (Fig. 1) .
Single motor unit action potentials were discriminated from the intramuscular electromyography recording using the spike-sorting algorithm in Spike2 software (v5.14; Cambridge Electronic Design, Cambridge, United Kingdom). Motor unit action potentials were automatically identified based on waveform shape and were FIGURE 1. Example data from one subject in the low pre condition showing, from bottom to top, shoulder elevation force (solid line) and target force (dashed line), RMS surface electromyography, raw intramuscular electromyography, and the instantaneous discharge rate profiles of two concurrently active motor units expressed in pulses per second (pps). Recruitment and derecruitment thresholds were assessed as the magnitude of the RMS surface electromyography at the point at which regular discharge of motor unit action potentials began and ceased, as indicated by the vertical dotted lines for the lower threshold reference motor unit. The discharge rates at recruitment and derecruitment were calculated as the mean instantaneous discharge rate during the first five action potentials after recruitment and the last five motor unit action potentials preceding derecruitment, respectively, as indicated by the black data points in the discharge rate profiles. Motor unit discharge behavior throughout the contraction was characterized by the mean and range of instantaneous discharge rates, with variability assessed as the RMS error from a fifthorder polynomial fit to the discharge rate profile, as indicated for the reference motor unit. The PIC magnitude was estimated by ⌬F, calculated as the difference between the discharge rate of the reference motor unit at the time of recruitment and derecruitment of the test motor unit. In this example, the test motor unit was recruited when the reference motor unit was discharging at 12.3 pps and derecruited when the reference motor unit was discharging at 7.3 pps, giving a ⌬F of 5.0 pps (12.3-7.3 pps). The positive ⌬F value indicates that the discharge rate of the reference motor unit was lower at test motor unit derecruitment than it was at test motor unit recruitment.
manually verified on a spike-by-spike basis to increase discrimination accuracy. It was not possible to reliably track the same motor unit across all three test conditions, presumably due to slight movements of the intramuscular electrode between blocks of test contractions. Therefore, different motor units were, therefore, recorded in each condition and were treated as independent samples. Recruitment of a motor unit was taken as the point at which regular discharge (defined as successive discharges within 600 milliseconds) of motor unit action potentials began, and recruitment threshold was assessed as the magnitude of the RMS surface electromyography at the time of recruitment. Similarly, the derecruitment threshold of the motor unit was assessed as the magnitude of the RMS surface electromyography at the time at which regular discharge of motor unit action potentials ceased (Fig. 1) .
The instantaneous discharge rate of each motor unit was determined as the reciprocal of the interval between each motor unit action potential and the motor unit action potential preceding it and was expressed in pulses per second (pps). Instantaneous discharge rates Ͼ50 pps were classified as double discharges (Partanen and Lang, 1978) and were considered to represent a distinct motor control strategy. Therefore, the number of double discharges was quantified as a distinct outcome, and double discharges were subsequently removed to prevent the distortion of instantaneous discharge rate profiles by extreme values. The discharge rates at recruitment and derecruitment were calculated as the mean instantaneous discharge rate during the first five action potentials after recruitment and the last five motor unit action potentials preceding derecruitment, respectively (Van Cutsem et al., 1998) . Motor unit discharge behavior throughout the contraction was characterized by the mean and range of instantaneous discharge rates, with the variability assessed as the RMS error from a fifth-order polynomial fit to the discharge rate profile. This measure of variability was selected because the discharge rate profile often did not change in a linear fashion across time, which precluded the use of a linear detrending procedure to calculate the coefficient of variation of the discharge rate. Similar to the procedure described by De Luca and Erim (1994), discharge rate modulation was assessed by smoothing the motor unit discharge rate profile and the RMS surface electromyography or shoulder elevation force during 1-second intervals using a 100-millisecond moving window and then quantifying the slope of the linear relation between these variables (Fig. 4) .
For the majority of trials, there was more than one motor unit active during the voluntary contraction, enabling us to examine the association between the instantaneous discharge rates of concurrently active motor units. As described in detail by Gorassini et al. (2002) , the discharge rate of each motor unit was averaged during consecutive 500-millisecond windows spanning the interval during which both motor units were active. Rate-rate modulation was then calculated as the correlation between the mean discharge rate of the two motor units within each 500-millisecond window. In addition, the paired motor unit analysis was used to calculate ⌬F for a subset of motor unit pairs. As illustrated in Fig. 1 , ⌬F was calculated as the difference between the discharge rate of a lower threshold reference motor unit at the time of recruitment and derecruitment of a higher threshold test motor unit (Bennett et al., 2001; Gorassini et al., 2002 Gorassini et al., , 2004 . The discharge rate of the reference motor unit was smoothed with a fifth-order polynomial before the calculation of ⌬F. This analysis has been proposed as an indirect method of estimating the magnitude of intrinsic activation of the test motor unit by persistent inward currents (PICs) using the discharge rate of the reference motor unit as an index of the level of synaptic input to the motoneuron pool (Gorassini et al., 2002) .
Statistical Analysis
Normality of data were assessed using the KolmogorovSmirnov test. Heart rate, mean arterial blood pressure, perceived anxiety, the mean and RMS error of instantaneous discharge rate profiles, rate-rate modulation, and ⌬F values were not significantly different from the normal distribution and are reported as mean (standard deviation) in the text and tables and as mean Ϯ 95% confidence interval in the figures. Measures of physiologic stress and perceived anxiety were compared across test conditions using a repeated-measures one-way analysis of variance for test condition with four levels (baseline, low pre, high, and low post). Mean and RMS error of instantaneous discharge rate profiles, rate-rate modulation, and ⌬F values were compared across test conditions using separate independent one-way analysis of variance tests for test condition with three levels (low pre, high, and low post).
The contraction intensity, rate of change in contraction intensity, threshold and discharge rate of motor units at recruitment and derecruitment, range in instantaneous discharge rate, and the discharge rate modulation of motor units with respect to RMS surface electromyography and force were not normally distributed and are reported as median (interquartile range) in the text and tables. These variables were compared across test conditions using a KruskalWallis test with three levels (low pre, high, and low post). A separate Wilcoxon signed-rank test was used for each test condition to compare discharge rate and threshold between recruitment and derecruitment and to compare the rate of change in contraction intensity and discharge rate modulation between ascending and descending limbs of the contraction. The proportion of motor units exhibiting double discharges was compared across test conditions using a 3 ϫ 2 2 test, and the number of double discharges exhibited by these motor units was compared using an independent one-way analysis of variance for test condition with three levels (low pre, high, and low post). The level of significance for all comparisons was set at P Ͻ 0.05. When the analysis of variance yielded a significant effect, post hoc analyses were performed using t tests with Bonferroni correction for multiple comparisons. All statistical analyses were performed with SPSS software (v16.0.1; SPSS Inc., Chicago, IL).
RESULTS
Of the 27 subjects enrolled in the study, 5 were withdrawn because reliable motor unit recordings could not be obtained and 1 subject withdrew consent. The results are presented from the 21 subjects for whom successful intramuscular electromyography recordings were obtained. These subjects were aged 37.3 years (11.1 years) (range, 23-55 years) and had a trait anxiety score of 30 (5) (range, 23-38) on the Spielberger State-Trait Anxiety Index. These characteristics do not differ from those of subjects who did not complete the study. The experimental manipulation successfully increased heart rate (P Ͻ 0.001), mean arterial blood pressure (P Ͻ 0.001), and perceived anxiety (P Ͻ 0.001) during the high-stress condition (Fig. 2) . Only trials with one or more clearly identified motor units and smoothly controlled increases and decreases in RMS surface electromyography in which the rate of relaxation was equal to (within 1% EMG max /s) or faster than the rate of contraction were selected for analysis. This procedure is recommended to avoid overestimating ⌬F due to differences in the rate of muscle contraction and relaxation (c.f. Gorassini et al., 2002) . These criteria yielded contractions from 20 subjects in the low pre condition, 17 subjects in the high condition, and 13 subjects in the low post condition. The lower number of contractions in the low post condition occurred because of the long recovery period (Ն15 minutes) that preceded this condition, during which the intramuscular electrode was sometimes displaced from a successful recording area. The intensity of contractions selected for analysis was similar across test conditions, with peak RMS surface electromyography values of 14.3% (9.5%) maximum in low pre, 17.1% (16.5%) maximum in high, and 16.1% (14.2%) maximum in low post conditions (P ϭ 0.676). The rate of change in RMS surface electromyography on the ascending limb of the contraction was similar across test conditions at 1.9% EMG max /s (0.7% EMG max /s), 2.4% EMG max /s (1.1% EMG max /s), and 1.9% EMG max /s (1.5% EMG max /s) in the low pre, high, and low post conditions, respectively (P ϭ 0.534). The rate of change in RMS surface electromyography on the descending limb was also similar across test conditions [1.6% EMG max /s (1.5% EMG max /s), 1.8% EMG max /s (1.7% EMG max /s), and 2.4% EMG max /s (1.8% EMG max /s), respectively; P ϭ 0.485)]. There was no difference in the rate of change in RMS surface electromyography between the ascending and descending limbs of the contraction for any test condition (P ϭ 0.218, 0.149, and 0.311 for low pre, high, and low post, respectively).
Motor Unit Discharge Behavior
Forty-four motor units were discriminated from 20 subjects in the low pre condition, 35 motor units from 17 subjects in the high condition, and 27 motor units from 13 subjects in the low post condition. The mean, range, and variability of the discharge rate for these motor units did not differ across test conditions (Table 1) .
FIGURE 2.
Mean arterial blood pressure, heart rate, and perceived anxiety at the beginning of the experimental session (baseline) and after each experimental condition. Data points represent mean Ϯ 95% confidence interval. Asterisks indicate significant differences across conditions (P Ͻ 0.001).
TABLE 1. Motor Unit Characteristics During Isometric Triangular Ramp Contractions Under Conditions of Low and High Stress

Low Pre High Low Post Effect of Condition
Motor unit recruitment Threshold (% EMG max )* 7.1 (5.7); N ϭ 44 8.5 (5.8); N ϭ 34 8.3 (7.4); N ϭ 25 P ϭ 0.223 Discharge rate (pps)* 7.9 (6.9); N ϭ 44 7.5 (7.7); N ϭ 34 5.7 (4. Motor units were recruited at a higher contraction intensity than at which they were derecruited (P ϭ 0.002, 0.001, and 0.010 for low pre, high, and low post, respectively). There was a tendency for motor units to be recruited with a higher discharge rate compared with derecruitment, but this was only significant for the low pre condition (P ϭ 0.008, 0.080, and 0.107 for low pre, high, and low post, respectively). Similar results were obtained in paired statistical analyses for a subset of 10 motor units from 8 subjects that could be reliably discriminated in both the low pre and high conditions. Double discharges occurred in several motor units, as illustrated for a representative subject in Fig. 3A . The proportion of motor units exhibiting double discharges did not differ across test conditions (27% in low pre, 20% in high, 15% in low post; P ϭ 0.446), nor did the number of double discharges observed in these motor units [4.8 (4.8) in low pre, 4.1 (2.5) in high, and 2.8 (1.7) in low post respectively; P ϭ 0.681]. There were also occurrences where a distinct jump in the discharge rate of a motor unit was observed, without similar increases in concurrently active motor units. One example of this is shown in Fig. 3B .
The modulation of discharge rate with respect to RMS surface electromyography was highly variable and did not differ for ascending and descending limbs of the contraction (Table 1 ; P ϭ 0.115, 0.318, and 0.129 for low pre, high, and low post, respectively). Figure 4 shows the discharge rate modulation of two motor units that were concurrently active during the low pre condition. The motor unit recruited at 5.6% EMG max (Fig. 4A) showed an expected pattern of rate modulation by increasing its discharge rate with increases in contraction intensity at a rate of 0.6 pps/% EMG max . For the descending limb of the contraction, there was a period where discharge rate modulation was minimal, yet the overall slope of the relation was still positive (0.5 pps/% EMG max ). In contrast, the motor unit recruited at 10.2% EMG max (Fig. 4B ) displayed an unexpected decrease in discharge rate with increasing contraction intensity, resulting in a discharge rate modulation of Ϫ1.0 pps/% EMG max . Discharge rate modulation varied from negative to positive values across all three test conditions (Fig. 5A ) and did not differ across test conditions (P ϭ 0.738 and 0.308 for ascending and descending limbs of the contraction, respectively; Table 1 ). These results did not change when discharge rate modulation was assessed with respect to shoulder elevation force rather than RMS surface electromyography (P ϭ 0.694 and 0.455 for differences across test FIGURE 3. Panel A shows an example of consecutive double discharge from a single subject during the high-stress condition. The top panel shows the intramuscular electromyography, with the section outlined by vertical dotted lines depicted below on an expanded timescale. The bottom panel shows the instantaneous discharge rate of the motor unit discharge, expressed in pulses per second (pps). Panel B shows an example from a different subject during the high-stress condition of a discrete jump in the discharge rate of one motor unit (upper panel) whereas a concurrently active motor unit (lower panel) shows no change in discharge rate. conditions on the ascending and descending limbs of the contraction, respectively).
Thirty-six pairs of concurrently active motor units were identified from 16 subjects in the low pre condition, 20 motor unit pairs from 13 subjects in the high condition, and 19 motor unit pairs from 10 subjects in low post condition. The rate-rate modulation of these 75 motor units pairs was highly variable (Fig. 5B ) and did not differ across test conditions (P ϭ 0.524). Rate-rate modulation showed no relation to the difference in recruitment threshold between the two motor units (r ϭ Ϫ0.017; P ϭ 0.921 for low pre; r ϭ 0.059; P ϭ 0.803 for high, and r ϭ 0.039; P ϭ 0.874 for low post); however, it is evident from Fig. 5B that no motor unit pairs with a difference in recruitment threshold of Ͼ10% EMG max had rate-rate modulation of greater than moderate strength (r Ն 0.7; horizontal dashed line on Fig. 5B ). Seventeen motor unit pairs were not eligible for the paired motor unit analysis because the lower threshold reference motor unit stopped firing before the higher threshold test motor unit. Motor unit pairs that were excluded based on this criterion were evenly distributed across low-and high-stress conditions and were not significantly closer in recruitment threshold [2.9% EMG max (3.3% EMG max ) vs. 5.4% EMG max (4.4% EMG max ); P ϭ 0.115] or recruitment time [1.3 seconds (1.9 seconds) vs. 2.5 seconds (2.0 seconds); P ϭ 0.314] than motor units pairs for which the higher threshold test motor unit was derecruited first. Two motor unit pairs were not eligible for the paired motor unit analysis because the test motor unit continued to fire into the rest period, and a further two pairs were excluded because the test motor unit was recruited during a phase of steep acceleration in the discharge rate of the reference motor unit. The ⌬F estimates were calculated for the remaining 54 pairs corresponding to 27 pairs from 16 subjects in low pre, 13 pairs from 9 subjects in high, and 14 pairs from 7 subjects in low post. Estimates of ⌬F were positive [3.9 pps (2.2 pps) for low pre, 4.2 pps (2.9 pps) for high, and 3.1 pps (1.5 pps) for low post) and did not differ across test conditions (P ϭ 0.443). Many of these pairs had low rate-rate modulation. Estimating ⌬F only for motor unit pairs with rate-rate modulation Ն0. 
DISCUSSION
The purpose of this study was to determine whether discharge behaviors of low-threshold trapezius motor units are altered by acute psychosocial stress during voluntary contractions. The results confirm previous reports of atypical discharge behaviors observed in trapezius motor units under low-stress conditions (Westad et al., 2003; Westad et al., 2004; Westgaard and De Luca, 2001) and further indicate that these behaviors are not altered by acute increases in stress during feedback-controlled voluntary contractions in healthy women.
Discharge Behavior of Trapezius Motor Units
The motor units examined in this study exhibited several discharge behaviors that are atypical of motor unit behavior in the more commonly studied limb muscles. The most striking of these behaviors was a highly variable pattern of discharge rate modulation. In limb muscles, the discharge rate of active motor units typically increases linearly with contraction intensity (De Luca and Erim, 1994) . Quantification of discharge rate modulation with respect to contraction intensity (net force and surface electromyography) revealed that this stereotypical modulation was often absent in trapezius motor units, supporting previous qualitative reports of dissociation between surface electromyography and motor unit discharge rate profiles (Westgaard and De Luca, 2001) . The trapezius muscle is thought to consist of distinct compartments in which the motor units may be independently controlled (Falla et al., 2007; Farina, 2008a, 2008b) . Differential firing behaviors of motor units in different compartments may contribute to dissociation between the discharge rate of individual motor units and the interference electromyography signal. However, we observed different patterns of discharge rate modulation for motor units active within the same location of the muscle, suggesting that the dissociation between discharge rate and contraction intensity cannot be fully explained by compartmentalization of the muscle. This is supported by low and negative values of rate-rate modulation, which indicate that motor units active in the same region of the muscle often displayed discordant patterns of discharge rate modulation. This behavior occurred even for motor units with similar recruitment thresholds that are thought to receive similar synaptic inputs (Binder et al., 1996) .
We observed several instances whereby concurrently active motor units were derecruited in the same order that they were recruited, i.e., the earlier recruited (lower threshold) unit stopped firing before the later recruited (higher threshold) unit. This occurred in 17 of 75 motor unit pairs (23%) and contravenes the size principle of orderly recruitment (Henneman, 1957) that is typically observed during isometric contractions in other muscles (De Luca and Erim, 1994) . Motor units of the trapezius (Westgaard and de Luca, 1999) and distal limb muscles (Bawa et al., 2006) have been reported to display rotation, whereby a higher threshold unit is recruited and a lower threshold motor unit ceases to fire; however, this has only been observed after several minutes of prolonged muscle contraction. Westad et al. (2003) reported similar changes in the threshold of trapezius motor units without direct evidence of rotation, but this observation was also made during prolonged contractions. Motor unit rotation is thought to represent a motor control strategy to reduce overuse and fatigue in motor units active for a prolonged period of time (Eken, 1998; Westad et al., 2003) . Our findings indicate that changes in recruitment and derecruitment order in trapezius motor units can occur during short-as well as longduration contractions. This behavior may reflect a unique functional role for some trapezius motor units in posture (Alexander et al., 2007) or respiration (Westgaard et al., 2006) . Combined with observations of discordant discharge rate modulation among concurrently active motor units, these results may indicate that trapezius motor units located within the same region of the muscle can subserve distinct functional roles. Double discharges were observed in ϳ21% of the motor units studied. The proportion of motor units exhibiting double discharges was similar to previous reports from the trapezius (Kudina and Alexeeva, 1992) and other (Bawa and Calancie, 1983; Kudina and Churikova, 1990) muscles. Although Denslow (1948) observed double discharges in a much higher proportion of trapezius motor units, it is difficult to directly compare these results as the muscle activity was induced by light pin scratches and not voluntary contractions. It has been suggested that double discharges may occur in fast movements that require the rapid generation of a relatively high force Sogaard et al., 2001) ; however, the observation of double discharges in the trapezius muscle during slowly varying low-intensity contractions may indicate an alternative functional role for this behavior. Consistent with previous reports, double discharges occurred not only at the beginning and end of motor unit firing but were also interspersed with single discharges (Denslow, 1948; Kudina and Alexeeva, 1992) and appeared in long trains (Bawa and Calancie, 1983; Kudina and Alexeeva, 1992; Westad et al., 2004) . The maximum occurrence of double discharges we observed in a single motor unit was 18 of 57 discharges (32%). Although there is some evidence that double discharges can increase muscle force (Burke et al., 1976; Zajac and Young, 1980) and slow the development of fatigue (Binder-Macleod and Barker, 1991) when they occur at the beginning of a contraction, the functional relevance of long trains of double discharges is not clear. In animal motoneurons, double discharges have been associated with a delayed depolarization (Calvin and Schwindt, 1972 ) that originates in the dendrites (Kernell, 1964; Nelson and Burke, 1967) and causes a hump in the afterhyperpolarization of the motoneuron. If this hump is large enough to cross the threshold for spike generation a second action potential will be generated. There is evidence that double discharges in human motor units arise from a similar central origin (Kudina and Churikova, 1990) , and that the mechanism is related to the intrinsic properties of the motoneuron (Kudina and Alexeeva, 1992) . Our results confirm previous observations of long trains of double discharges in trapezius motor units (Kudina and Alexeeva, 1992; Westad et al., 2004 ), yet suggest that the incidence of double discharges is not altered during acute stress.
Many of the discharge behaviors observed in trapezius motor units are consistent with the presence of PICs in the motoneurons. For example, it has previously been suggested that abrupt changes in recruitment threshold may be due to the activation and inactivation of PICs in the motoneuron (Bawa et al., 2006; Westad et al., 2003) and that dissociation in the firing rate of concurrently active motor units may be caused by differential activation of PICs in the individual motoneurons (Eken, 1998) . Furthermore, the sudden jump in discharge rate that we observed in some motor units is characteristic of a PIC that is activated after the motor unit has begun firing (Eken and Kiehn, 1989; Hounsgaard et al., 1988) . Although there is indirect evidence that human motoneurons are capable of generating PICs (Collins et al., 2001 (Collins et al., , 2002 Gorassini et al., 1998 Gorassini et al., , 2002 Gorassini et al., , 2004 Kamen et al., 2006; Kiehn and Eken, 1997; Nickolls et al., 2004; Walton et al., 2002) , there are currently no direct measures of PIC activation that can be used to verify the existence of PICs in humans. The paired motor unit analysis has been proposed as an indirect method to estimate the magnitude of PIC contributions to normal motor behaviors in the human tibialis anterior muscle (Bennett et al., 2001; Gorassini et al., 2002) . Persistent inward currents contribute to the depolarization of the motoneuron and reduce the magnitude of synaptic input required to maintain regular discharge of action potentials. The paired motor unit analysis estimates the magnitude of PIC contributions to motor unit firing by using the discharge rate of a lower threshold reference motor unit to estimate the level of synaptic input to a higher threshold test motor unit. A change in the level of synaptic input during recruitment and derecruitment of the test motor unit is quantified as ⌬F and is thought to reflect the magnitude of any PIC in the motoneuron. The positive ⌬F values we observed in this study concur with previous reports of positive ⌬F values in the tibialis anterior muscle (Gorassini et al., 2002 (Gorassini et al., , 2004 and may provide the first evidence to support the presence of PICs in human trapezius motoneurons. However, as with all indirect methods, there are several assumptions underlying the paired motor unit analysis that must be considered.
A central tenet of this analysis is that the two motor units receive similarly varying synaptic input that is reflected in the discharge rate of the lower threshold reference motor unit. Low values of rate-rate modulation in the current study indicate that this assumption was often violated for trapezius motor units. Thus, discordant modulation of concurrently active motor units may limit the use of the paired motor unit technique in this muscle. Although positive ⌬F values were still observed after exclusion of motor unit pairs with low rate-rate modulation (r Ͻ 0.7), we cannot be certain that these estimates were not confounded by factors other than PICs that may also contribute to hysteresis in the firing rates of active motor units (Powers et al., 2008) . Therefore, although many of the discharge behaviors of trapezius motor units are consistent with the presence of PICs in spinal motoneurons, this hypothesis remains difficult to verify with currently available techniques. response to acute psychosocial stress (Laursen et al., 2002; Lundberg et al., 1994 Lundberg et al., , 2002 McLean and Urquhart, 2002; Nilsen et al., 2007; Schleifer et al., 2008; Visser et al., 2004) . In contrast to these studies, we observed no difference in the discharge behavior of trapezius motor units across conditions of low and high psychosocial stress. This finding is in agreement with one previous study that found no effect of psychosocial stress on the magnitude of interference electromyography recordings from the trapezius muscle (Blangsted et al., 2004) . The absence of a stress effect on motor unit discharge behavior in this study is unlikely to be related to the potency of the stressor, as changes in physiologic arousal were at least as large as those previously reported (Lundberg et al., 1994 . Furthermore, the study population was similar to that in which stress responses have previously been observed (Laursen et al., 2002; Lundberg et al., 1994 Lundberg et al., , 2002 McLean and Urquhart, 2002; Nilsen et al., 2007; Schleifer et al., 2008; Visser et al., 2004) . A fundamental difference between this and previous studies is the motor task that subjects were asked to perform. Elevated activity of the trapezius muscle has previously been observed in response to stress when subjects were instructed to rest , maintain an elevated arm position (Lundberg et al., 1994) , type on a computer keyboard (Laursen et al., 2002; McLean and Urquhart, 2002; Nilsen et al., 2007; Schleifer et al., 2008) , or use a computer mouse (Laursen et al., 2002; Visser et al., 2004) . These tasks contrast to the motor task performed in this study, which required a high degree of accuracy with the use of real-time visual feedback to generate precisely controlled shoulder elevation forces that matched a triangular force template.
The mechanisms underlying stress-evoked increases in trapezius muscle activity during natural motor behaviors are not known. Recent evidence suggests that the peripheral nervous system does not contribute to this motor response (Nilsen et al., 2008) ; however, a direct role of the central nervous system remains possible. The spinal cord receives noradrenergic innervation from the locus coeruleus (Holstege and Kuypers, 1987; Proudfit and Clark, 1991) , which increases its activity in response to stress (Tsigos and Chrousos, 2002; Valentino and Van Bockstaele, 2008) . At the cellular level, it has been shown that noradrenaline potentiates the generation of PICs in spinal motoneurons (Conway et al., 1988; Lee and Heckman, 1999) , providing a direct pathway by which stress might increase the intrinsic excitability of motoneurons. Large variability in the PIC estimates for different motor units and the relatively low number of motor unit pairs included in this analysis may have reduced our ability to detect a significant effect of the stress condition on ⌬F. However, the absence of a significant change in ⌬F is consistent with the lack of stress effects on other discharge behaviors evaluated for a large sample of trapezius motor units in this study (Table 1) . Alternatively, the absence of a significant increase in PIC estimates during the high-stress condition may be explained by a task-dependent model. Any increase in PIC magnitude under stressful conditions would increase depolarization of the motoneuron. Situations in which the output of the muscle does not have to be tightly controlled would lead to elevated muscle activity and may be seen as advantageous in a "flight or flight" stress response. However, any additional depolarization contributed by the PIC would be expected to have a detrimental effect on the performance of a motor task requiring a high degree of accuracy, and it is plausible that the central nervous system may compensate by increasing inhibition to the motoneuron pool to control net muscle force and allow successful performance of the motor task. Although this suggestion is speculative, it raises the possibility that understanding the task conditions under which stress-evoked increases in muscle activity occur may inform our understanding of the mechanisms underlying this response.
CONCLUSIONS
Trapezius motor units display atypical discharge behaviors, including a high incidence of double discharges, abrupt changes in recruitment and derecruitment threshold, and discharge rate modulation that is dissociated both from net changes in contraction intensity and from the discharge rates of neighboring motor units. These behaviors are similar to those previously described for lowthreshold trapezius motor units studied in the absence of stress and are not altered when a precision motor task is performed under stressful conditions that elevate cardiovascular responses and perceived anxiety. The absence of changes in motor unit discharge behavior in response to acute psychosocial stress may reflect high precision demands of the motor task that was performed. Further study is required to determine the effects of stress on trapezius motor unit behavior during functional motor tasks.
